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Precision of age estimation in red snapper (Lutjanus campechanus)
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Abstract

The validation of aging methods is an important step in estimating growth and longevity and has been accomplished for
red snapper. However, routine age interpretation remains largely subjective. A reference collection of 300 red snapper otoliths
was circulated among seven external laboratories in the Gulf of Mexico region to compare ages against our internal laboratory
determinations. A precision benchmark of average percent error (APE; estimate of precision)≤5% has been suggested for
moderately long-lived species such as red snapper. APE ranged from 2.5 to 6.0% for six facilities with no apparent bias in
estimates as age increased. One initial estimate was notably higher with an APE of 11.6% and bias was evident. Beyond the
need for initial training to recognize annulus patterns in decades-old fish, common differences between readers were related
to interpretation of the otolith edge type and to interpretation of the first annulus. Precise measurement of annulus distances
and identification of otolith edge patterns aided by light reflectivity measurements indicated that annual rates of transition from
translucence to opacity were consistent. However, annual differences in the seasonal timing of otolith zone transition occurred
on the order of a few months (this study and others). The degree of opacity varied in the first annulus, but the distance from the
core to the distal edge of the first annulus was consistently around 1 mm (mean = 1.05 mm; S.D. = 0.11). By recognizing possible
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ariations in these patterns and with use of periodic reader training and a reference collection, our expectation is that
recision target can be readily achieved and improved upon.
ublished by Elsevier B.V.
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. Introduction

Red snapper,Lutjanus campechanus(Poey, 1860)
s one of the most economically important fish species
n the southeastern U.S. and has been the subject of
everal age and growth studies (Futch and Bruger,
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1976; Bortone and Hollingsworth, 1980; Nelson
Manooch, 1982; Manooch and Potts, 1997; Patters
al., 2001; Wilson and Nieland, 2001). While validation
of aging methods is an important criterion in estim
ing growth and longevity, and has been accomplis
for red snapper (Baker and Wilson, 2001), age interpre
tation remains largely subjective. The repeatabilit
age estimates (i.e., precision) is an important mea
to compare the proficiency of different otolith read
and to measure individual drift over time (Campana
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2001). Routine annual aging is increasingly performed
to track recruitment and age structure trends over time
for stock assessment purposes (Allman et al., 2002).
Precision of routine age determinations (e.g., from ref-
erence samples aged by different readers) ultimately
reflects an ability to distinguish strong from weak year
classes and is therefore an important concern for assess-
ing stock condition (Beamish and McFarlane, 1995;
Crone and Sampson, 1998; Campana, 2001).

Evidence from aging workshops and initial ex-
changes of red snapper otoliths between laboratories
indicate that differences between readers affecting es-
timates of precision are most often related to interpre-
tation of the otolith edge type and to interpretation of
the first annulus (Allman et al., 2002). These two fac-
tors have also been noted for other species and are of-
ten problematic as standardized age-structure interpre-
tations become more important for production aging
(Francis et al., 1992; Fowler, 1995; Campana, 2001).
These problems are most acute when errors of one or
two years in age-class assignment occur in the most
common age classes (i.e., 2–5 years). These errors can
mask clear determination of year-class strength—the
“smearing effect” (Beamish and McFarlane, 1995).

Our first objective was to compare red snapper ages
from readers at our facility to seven other Gulf of Mex-
ico laboratories using a reference collection. Secondly,
we attempted to resolve the edge and first annulus in-
terpretation problems and to reconcile potential dif-
ferences among studies by: (1) determining the tim-
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from all the gulf states and from many different age
classes. Otoliths were sectioned and mounted for aging
following the methods ofCowan et al. (1995). We des-
ignate these as adults even though we later show these
otoliths often represent relatively young fish (>1 year
in age). We also obtained otoliths from fish, which we
designate as juveniles (age≤ 1 year) captured during
fishery independent surveys from February to Novem-
ber 2002. Otoliths were extracted from the juveniles
and prepared in a manner similar to the adult speci-
mens but using a low-speed (90 rpm) sectioning saw
instead of the typical high-speed (1800 rpm) saw used
for adult otoliths.

Sectioned otoliths were assigned an age based on
the count of annuli (opaque zones observed with re-
flected light) along the dorsal edge of the sulcus acous-
ticus and on the degree of marginal edge completion.
For example, otoliths were advanced 1 year in age
after 1 January if their edge-type was a nearly com-
plete translucent zone. Typically, marine fish off the
southeastern United States complete annulus forma-
tion (opaque zone) by late spring to early summer
(Beckman and Wilson, 1995; Patterson et al., 2001;
Wilson and Nieland, 2001). Therefore, an otolith with
two completed annuli and a large translucent zone
would be classified as age 3 if the fish was caught
during spring in expectation that a 3rd (opaque) an-
nulus would have soon formed. After 30 June when
opaque zone formation is typically complete, all fish
were assigned an age equal to the annulus count by
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ng of opaque zone formation using the method
arginal increment analysis (MIA) based on caref

elected, sectioned and measured sagittal otolith
les with broad geographic and seasonal repres

ion. We then compare the results from the sele
toliths with those of other red snapper age stud
nd (2) by measuring the otolith core-to-edge dista

rom seasonally-collected juveniles through the pe
f their first annulus formation in order to charac

ze the shape, appearance and location of the yea
nnulus.

. Methods

Expanded sampling of red snapper otoliths from
irected fishery during 1998–2000 in the U.S. Gul
exico allowed us to draw a large number of otoli
onvention. Thus, an annual age cohort was based
alendar year rather than time since spawning (Jearld
983; Vanderkooy and Guindon-Tisdel, 2003).

.1. Reference collection

A reference collection of 300 adult red snap
tolith sections was selected to represent most
lasses, all seasons, both sexes, different colle
ears, good to poorly prepared otolith sections
he entire geographic range sampled (Campana, 2001).
rior to exchanging and aging the reference collec
training image set was created for distribution

ompact disk to all gulf laboratories by digitally ph
ographing 100 otolith sections. Otoliths sections
he training image set were selected using the s
riteria as for the reference collection. In order to
ablish the location of opaque zones for the train
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Fig. 1. (A) Measurement path for selected otolith sections and (B) reflected red spectrum light intensity curve for the measurement path. Number
1 = core to distal edge (as measured by the midpoint of the declining slope of the first annulus), numbers 2 and 3 indicate peak opacity for the
second and third annuli, respectively.

manual images, our laboratory and another laboratory
(laboratory 2), both of which had previous experience
aging red snapper, developed a consensus on annuli lo-
cation. Other participating laboratories had little or no
experience aging red snapper. Each otolith section was
digitally photographed twice, once without any annota-
tion and once with assumed annuli marked. The otolith
training image set was distributed to all laboratories
and afterward an otolith training workshop was held to
address any questions.

Once a general consensus on age assignment was
achieved by all laboratories on the training image set,
the reference collection was exchanged. The reference
collection was first used to address within-laboratory
reader variation and to establish a consensus age set for
each laboratory. These consensus age sets were then
compared between laboratories. Reference collection
ages from seven external laboratories were compared
to those generated by our laboratory since our labo-
ratory had had notable experience and was initiating
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the reference collection. Average percent error (APE;
Beamish and Fournier, 1981) was used to compare our
age determinations to those of other laboratories. We
considered an APE of 5% as a reference point for mod-
erately long-lived species with relatively difficult to
read otoliths (Morison et al., 1998; Campana, 2001).
Age bias plots were used to look for systematic dif-
ferences between laboratories for reference collection
ages (Campana et al., 1995).

2.2. Optical analysis

We selected over 1000 adult red snapper otoliths
from 1998 to 2000 covering all months and from all
five gulf states. A second selection of 259 from this col-
lection was made to retain those sections which were
precisely cut through the core at an angle perpendic-
ular to the anterior/posterior axis to locate a consis-
tent point of origin. We took care to select only those
sections that did not show edge damage, preparation
flaws, or other defects typical of routine age prepara-
tions.

Each otolith section was examined at 25× magni-
fication and measured using an image analysis system
(PhotoShop 6.0© equipped with the Andromeda Mea-
surement Filter, used for calibration). Measurements to
the nearest 0.01 mm were made for each of the follow-
ing characteristics: core to the distal edge of the first
opaque zone, core to the center of the second opaque
zone, core to center of third zone and any subsequent
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Since we count opaque zones as annuli, a full annual
cycle should include two successive points of maxi-
mum opacity. However, the marginal increment is de-
fined as the distance across the translucent zone mea-
sured from the last opaque zone (maximum reflected
light) to the otolith edge. Our preliminary observations
revealed that as the translucent marginal increment in-
creased approaching the next season’s opaque zone, the
reflected light also increased. Often some opacity was
apparent to the eye before the annual cycle was com-
plete on the margin. Since the increase in opacity was
gradual, it was extremely difficult to judge the maxi-
mum value until the edge was sufficiently distinct (i.e.,
opaque) to evidence a decline in reflected light. Ac-
cordingly, the edge values were seldom equal to zero.

While marginal increment analysis (MIA) may not
be the best method for validation, it does allow insight
into timing of otolith zone formation (Campana, 2001).
MIA can be divided into edge analysis (frequency of
edge type) or an increment measurement approach,
the latter being the more common method (Campana,
2001). We will refer to these MIA approaches as
edge-frequency and edge-measurement analyses, re-
spectively. We employed both edge-measurement and
edge-frequency analysis, but compare our findings with
edge-frequency results of others. Least squares linear
regression was used to examine the relationship be-
tween juvenile total length (TL mm) and core to edge
otolith distance (mm). Data were natural log trans-
formed to meet the assumptions of homogeneity of
v
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paque zone, and core to edge. The measuremen
xtended from the core to the edge along the do
ide of the sulcus acusticus (Fig. 1A). Opaque zone
nd edge structure were selected by eye and ve
sing light intensity curves. The associated light in
ity curve represented the red spectrum along that
he red spectrum was used for the wavelength pro
ecause it served to increase resolution and help
educe subjectivity by using light patterns to aid in m
urements. Since the first opaque zone is usually b
nd diffuse, we chose to measure to the distal ed

he first zone instead of the center of the zone as w
or the other opaque zones. The distal edge is seld
iscrete point but a gradual transition to translucen
e used the midpoint of the declining slope of the li

ntensity curve to aid in locating the edge and to
uce subjectivity (Fig. 1B). Measurements were ma
ithout prior knowledge of collection date.
ariance and normality.

. Results

.1. Reference collection

The APE for the three otolith readers from our l
ratory was 2.5% for the reference collection. Out

aboratories reported from one to four otolith read
er laboratory. Those laboratories which had more
ne reader and reported an internal APE, had APE
es of 3.89% (four readers), 5.02% (three readers
1.11% (two readers). Initial comparisons of our a

o external laboratory ages indicated that laborato
–4 had an APE below the 5% target (2.8, 3.5,
nd 4.5%, respectively) and laboratories 5 and 6
n APE slightly above (5.9 and 6.0%, respectiv
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Fig. 2. Average percent reader error (APE) for seven external lab-
oratories compared to internal laboratory ages from the 300 otolith
reference collection. Dashed line indicates the 5% APE reference
point.

(Fig. 2). However, major differences were noted be-
tween the internal readers and laboratory 7 readers
(APE of 11.6%). Laboratory 7 also recorded the high-
est APE for internal readings (11.11%). To determine
if age differences between internal and laboratory 7
readers were systematic, an age bias plot was used to
compare the mean laboratory 7 age to each of the age
categories for internal reader ages. We noted that labo-
ratory 7 tended to overage younger fish (ages 1–5) and
underage older fish (>age 8;Fig. 3). In contrast, an age
bias plot of mean laboratory 1 age versus internal age
categories indicated good agreement especially for the
most common age classes (i.e., ages < 8;Fig. 4). After
investigation we determined that laboratory 7 had en-
listed a relatively new otolith reader. Laboratory 7 also

Fig. 3. Age bias plot of mean laboratory 7 age for each age cate-
g ne
i

Fig. 4. Age bias plot of mean laboratory 1 age for each age cate-
gory of internal laboratory age± one standard deviation. Solid line
indicates a 1:1 equivalence.

prepared their own laboratories’ otolith sections using
a slightly different method compared to our method
which might have led to some of the discrepancies.
To help clarify discrepancies, digitized otolith images
from the reference collection were exchanged between
our laboratory and laboratory 7. Once the main dis-
crepancies were resolved, a second reference set of 300
randomly selected otoliths was selected from the lab-
oratory 7 collection and read by both laboratories. An
APE of 7.6% was calculated for this second collection.

3.2. Optical analysis

Two hundred fifty-nine adult red snapper otoliths
that had been precisely sectioned through the core
were selected, aged and measured. The samples rep-
resented all gulf states from 1998 to 2000 but were
obtained primarily from Florida and Louisiana during
1999 (Fig. 5A and B). Otoliths were from all months
except December. Fish having three and four opaque
zones dominated the selected samples, which is typi-
cal of the age-structure in commercial and recreational
fisheries (Allman et al., 2002) (Fig. 5C).

Translucent zones narrow as fish age, this can lead
to differences between age classes in the pattern and
timing of marginal increment formation (Smith and
Deguna, 2003). Even with our relatively large sam-
ple size we needed to combine fishes of different age
classes to have sufficient numbers to examine the sea-
sonal pattern of annulus formation. Therefore, we had
t ima
i lot
o ted
t pril
ory of internal laboratory age± one standard deviation. Solid li
ndicates a 1:1 equivalence.
o assume that the annual timing of the edge min
s similar for each age class in our collection. A p
f edge distance by month of the collection indica

hat the minimum marginal increment occurred A
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Fig. 5. Frequency of adult otolith samples selected for marginal in-
crement analysis by (A) year, (B) state and (C) opaque ring count.

through July (Fig. 6). This same pattern was noted when
we grouped age classes into two groups. We observed
that the pattern appeared to be one of rapid increase in
opaque zone completion (hence transition to minimal
marginal increment) from March through May. Opaque
margins were only observed from April to August with
the highest percentage of opaque margins recorded
in May. Opaque zone formation was completed rela-
tively quickly, with frequency declining through Au-
gust. Marginal increments indicated a gradual increase
in the width of the translucent zones from late summer
through winter (Fig. 6).

Examination of topologic features indicated that the
first year’s growth was visually detectable as a broadly
diffuse opaque zone of similar dimension among the
otoliths. This characteristic broad first opaque zone oc-
curred on the dorsal side of the sulcus acusticus and
typically had a triangular shape (Figs. 7 and 8).

To help verify our interpretation, we examined
measurements obtained from 167 juvenile red snap-
per collected through the period of first annulus for-
mation and ranging in total length (TL) from 33 to
241 mm (Fig. 9A). Core to edge distances (mm) were
strongly related to fish total length (mm) (p< 0.001),
and the edge of the first annulus appeared at a dis-
tance of approximately one millimeter from the core
(mean = 1.05 mm, S.D. = 0.11 mm). The first annu-
lus generally formed between 110 and 170 mm TL
(Fig. 9B). Otoliths from fish greater than 180 mm TL
were found to have completed the broad first opaque
zone. Examination of juvenile by capture date indicated
that individuals collected early in the year (day 38,
February) had yet to complete an annulus, while about
20% of spring caught fish (day 113–130, April–May)
had completed an annulus (Fig. 9C). Most fish greater
than 100 mm TL had completed annulus formation by
summer (day 168–197, June–July). Summer caught in-
dividuals less than 100 mm TL were probably young-
of-the-year. Fish collected in the fall (day 324, Novem-
ber) had all completed an annulus.

We did observe biological variation (e.g.,Fig. 10)
and, during initial routine processing, otoliths were
not always sectioned precisely in a transverse fashion
through the core. Both of these sources of variation
sometimes rendered discrimination of the first annulus
difficult.
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. Discussion

.1. Reference collection

Inconsistent interpretation is a major problem
roduction aging laboratories. Red snapper have
elatively difficult to age based on levels of precis
etermined from this study and from previous stu
Allman et al., 2002). An observed trend for red sna
er, commonly seen in production aging laborato

s that within-laboratory reader estimates were m
recise than between-laboratory estimates (Allman et
l., 2002). This study reported precision estimates
.8–11.6% APE for seven external laboratories c
ared to internal reference collection ages, with o
ne laboratory greatly exceeding the benchmark
PE. The high value for that laboratory (APE = 11.6
as thought to be due to a relatively inexperien
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Fig. 6. Mean marginal increment (MIA)± one standard deviation and percent opaque edges (dashed line) by month from archived selected
samples.

Fig. 7. The growth zone of an otolith (outlined by solid line) reflecting a broad first opaque area which includes the presumptive first annulus.

Fig. 8. Illustration of the relationship of the first annulus to subsequent annuli. The presumed first annulus is evident as a broadly diffuse opaque
zone.
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Fig. 9. (A) Length distribution (TL mm) of juvenile red snapper
examined through the period of presumed first annulus formation
(B) length (TL mm) and distance from the core to the otolith edge
(mm) for the same juveniles with no annulus and one annulus visible
and (C) length (TL mm) by day of year. Dark bars and symbols
indicate an annulus was not visible, while open bars and symbols
indicate an annulus was observed.

reader who over-counted annuli in young fish and
under-counted the annuli in old fish (i.e., age > 8).
Slight differences in otolith preparation between lab-
oratories could have also been a factor in the reader
differences. In addition, one would expect laboratories
with the fewest otolith readers to be at a disadvantage
since there would be fewer readers to detect and dis-
cuss incorrect ages. A separate, second reference col-
lection with fewer old fish, which was more typical of
the ages seen by laboratory 7 yielded an APE of 7.6%
when compared to our laboratories’ ages. Other studies
have reported precision estimates from 3.7 to 8% APE

(Wilson and Nieland, 2001; Allman et al., 2002). Our
results underscore the importance of a reference col-
lection as a crucial quality control tool which must be
used continuously to ensure that individual reader ages
do not change over time and that ages from different
readers remain consistent (Campana, 2001).

4.2. Opaque zone formation

Our edge measurements revealed that there was a
relatively sudden appearance of the opaque zone, a
minimum marginal increment from April to July, and
then a gradual increase in the width of the translucent
zone through winter. Our results are broadly consistent
with results across taxonomic and geographical bound-
aries; that is, the opaque zone is complete by spring to
summer. The conclusion that this is an annual pattern is
also consistent for the juvenile fish we examined. The
pattern of sudden transition between translucence and
opacity, the relatively short duration of opacity (one to a
few months), followed by gradual increase in the width
of the translucent zone is also consistent with a tropi-
cal pattern. The more visually distinct opaque zone is
chosen to be counted as the annulus (Fowler, 1995).

The rates of transition from translucent to opaque
were fairly consistent among other studies of red snap-
per (Fig. 11). However, we did note that there were
differences in the seasonal timing of otolith zone transi-
tion on the order of a few months. The only other study
performing edge measurements also revealed a sud-
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etween April and July (Futch and Bruger, 1976) as op-
osed to March and May for this study. By their res
eak frequency of opaque edges would have bee
ected in July. Several of the studies that utilized e

requency analysis noted high proportions of opa
dges in February, March and April (Fig. 11). Together

hese results suggest that the peak occurrence in o
one occurrence could range from March through J
hile our results show peak opacity occurring dur

he midpoint of this range (i.e., May). These diff
nces may occur due to interpretation error since

s largely subjective (Beckman and Wilson, 1995; Ca
ana, 2001). In addition, annual or regional differenc
ould have accounted for the shifts in timing of opaq
o-translucent zone formation. Some investigators
uspected or shown evidence that cooler tempera
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Fig. 10. These otolith sections have a count of three opaque zones enumerated as annuli, with number 3 just forming on the edge. The outlined
area (B) indicates the broad first opaque zone but also shows an area of translucence between the core and the edge of the first annulus (A and
B are same otolith). This pattern can give the false impression that four annuli are present. (C) More closely shows the delineation (solid line)
between the first broad opaque zone and the second opaque zone.

can delay opaque zone formation (Beckman and Wil-
son, 1995; Pearson, 1996; Thomas, 1984; Smith and
Deguna, 2003).

4.3. First annulus formation

Red snapper commonly have a broad and diffuse
first annulus which has also been noted in tropical lut-
janids and other reef fishes (Fowler, 1995). Because
red snapper experience a protracted spawning season
(May–September) (Collins et al., 1996), Wilson and
Nieland (2001)hypothesized that a greater distance
from the core to the first annulus and the presence of
translucence before the first annulus is completed sig-

nal a hatch date early in the spawning season, while
an annulus close to the core suggests a hatch date
late in the spawning season. This hypothesis was also
repeated in a recent aging manual (Vanderkooy and
Guindon-Tisdel, 2003) to explain the different patterns
observed. While a test of this hypothesis was beyond
the scope of this study, we did note that there was
variation in the degree of opacity of the first annu-
lus (compareFigs. 8 and 10). This may be a common
trend among tropical to sub-tropical species (Fowler,
1995). However, we did not note much variation in
the distance from the core to the distal edge of the
first annulus. This distance was consistently about
1 mm.
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Fig. 11. Percentage of opaque edges in red snapper otoliths per
month. Three studies measured the percent of opaque edges per
month. Data fromWilson and Nieland (2001)and Manooch
and Potts (1997)were interpolated from graphs similar to this one.
Data fromPatterson et al. (2001)were interpolated from a bubble
plot and 2 years were aggregated.

We compared juvenile fish length at annulus for-
mation with results of other studies as a check on our
interpretation of the first annulus. We measured the to-
tal body length of fish sampled through the spring and
summer when they were forming their first annulus
based on our interpretation. We noted that the first annu-
lus was forming in fish 110–180 mm TL at about 1 year
following the expected peak spawning time (conven-
tion assumes a spawning date of 1 July;Patterson et al.
(2001), based onCollins et al. (1996)andSzedlmayer
and Conti (1999)). This agrees with previous estimates
of size at first annulus, with modes of 110 mm TL in
June and 130 mm TL in July (Holt and Arnold, 1982).
In addition, the size range of 40–230 mm TL for first-
year cohorts sampled from February to December in
the 1970s (Holt and Arnold, 1982) matches our size
range for the cohort sampled over a similar time frame
in 2002.Szedlmayer and Conti (1999)reported that
age-0 red snapper (no annulus observed) ranged up to
124 mm SL which is also consistent with the range that
we observed.

4.4. Implications for precision and accuracy of
aging

Knowing when a species is expected to complete an
annulus is important in assigning the fish to the correct
year class. This is particularly crucial for a production
aging approach used to characterize the age structure
within a fishery, since fish are often sampled throughout

the year. If the timing of annulus completion varies,
either geographically or inter-annually, it can affect a
reader’s ability to assign the correct age (Smith and
Deguna, 2003; Pearson, 1996).

Red snapper follow a typical spring-summer pat-
tern of annulus formation, but timing varies by at least
a few months based on the various red snapper studies
examined. Currently, our aging formula advances fish
expected to complete an annulus from January through
July which is consistent among all studies. After July,
we expect opaque zone formation to be complete and
ring count to be equal to age. This is a common ap-
proach and one that has been recommended in recent
aging manuals (Panfili et al., 2002; Vanderkooy and
Guindon-Tisdel, 2003). However, the period following
expected annulus completion is clearly the period when
age assignment is most uncertain (Smith and Deguna,
2003) and has been termed the “edge interpretation
problem” (Francis et al., 1992). One recommendation
may be to target sampling for annual age-structure dur-
ing the period when opaque zone formation is complete
(i.e., late summer through fall). However, restriction of
sampling to certain times of year requires the assump-
tion that the sampling period represents the age struc-
ture for fish collected at other times (e.g., no seasonal
change in selection for age).

The often variable appearance of the first annulus
has been one of the leading causes of reader disagree-
ments during exchanges of red snapper otoliths. We
found size at annulus formation to be consistent among
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nterpreting the first annulus correctly. The 1-mm
ance from core to distal edge of first opaque zone
herefore be a good guideline for the expected a
us position and aid in interpretation. A carefully d
igned otolith marking study, using wild juveniles r
esenting a range of spawning dates and possib
orporating temperature variables, would further c
fy interpretation problems. We feel that making c
istent interpretations will elucidate the possible in
nce of differential spawning time and annual tem
ture/climatic signals.
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